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Perceptual dominanceWe examined whether dynamic stimulation that surrounds a rival target inﬂuences perceptual alterna-
tions during binocular rivalry. We presented a rival target surrounded by dynamic random-dot patterns
to both eyes, and measured dominance durations for each eye’s rival target. We found that rival target
dominance durations were longer when surrounds were dynamic than when they were static or absent.
Additionally, prolonged dominance durations were more apparent when the dynamic surround was
alternately presented between the two eyes than when it was presented simultaneously to both eyes.
These results indicate that dynamic stimulation that surrounds a rival target plays a role in maintaining
the current perceptual state, and causes less perceptual alternations during binocular rivalry. Our
ﬁndings suggest that dynamic signals on the retina may suppress rivalry, and thus provide useful
information for stabilizing perceptions in daily life.
 2013 Elsevier B.V. All rights reserved.1. Introduction
When dissimilar visual images are presented simultaneously to
both eyes, perceptual dominance alternates between those images.
This phenomenon is known as binocular rivalry (Alais & Blake,
2005; Blake & Logothetis, 2002; Wheatstone, 1838). Although
interocular conﬂicts (i.e., rivalrous conditions) that cause binocular
rivalry frequently occur in daily life, our perceptions are stable and
rarely alternate between dissimilar images. This indicates that
visual processing may inhibit perceptual rivalry. Eye movements
refresh retinal images about three times per second (Otero-Millan
et al., 2008), and because this does not provide enough time to
elicit rivalry, it is considered a reason for the absence of binocular
rivalry in daily life (Arnold, 2011; O’Shea, 2011). However, this idea
consists of two components that should be considered separately.
One is that the time between refreshes is too short to elicit rivalry,
and the other is that refresh of retinal images actively inhibits
rivalry. To our knowledge, the latter concept has not been consid-
ered in previous reports. Here, we investigated whether refresh of
retinal images reduces perceptual alternations. To accomplish this,
a dynamic stimulus was presented to the surround of a static rival
target to induce retinal-image refreshes. Because the rival target
was not refreshed, we could simply examine the effect of retinal-
image refresh on binocular rivalry without taking into account
any elapsed time from the last refresh of the rival target.Perceptual alternations during binocular rivalry are known to
be affected by the surrounding stimulus. Adding a surrounding
stimulus to one eye’s rival target prolongs the dominance dura-
tions for that target compared with the other eye’s target (Fukuda
& Blake, 1992). In cases in which the contrast (luminance or color)
of the rival target and surrounding stimulus is sufﬁciently high,
dominance durations for the rival target are longer when stimulus
attributes such as orientation (Carter et al., 2004; Fukuda & Blake,
1992; Mapperson & Lovegrove, 1991), motion direction (Paffen
et al., 2004), and color (Carter et al., 2004; Paffen et al., 2006) be-
tween the rival target and the surround are different than when
they are the same. Meanwhile, if the contrast is low, dominance
durations are longer when the rival target and the surround are
the same as the stimulus attributes than when they are different
(Paffen, Alais, & Verstraten, 2006). This indicates that surround
suppression or spatial summation occurs depending on the con-
trast of the rival target. Multiple stimuli tend to elicit simultaneous
perceptual alternations when they align collinearly (Alais & Blake,
1999) and when they are identical and presented to the same eye
(Quinn & Arnold, 2010). This indicates that the stimulus around the
rival target affects perceptual alternations.
Transient stimulus changes also inﬂuence perceptual alterna-
tions in binocular rivalry. Abruptly changing the luminance contrast
of the target presented to the suppressed eye causes that eye to
become dominant (Blake, Westendorf, & Fox, 1990). Presentation
of a transient ﬂash to rival targets in both eyes induces perceptual
alternations, and is more effective when the elapsed time of the
dominant percept (i.e., adaptation duration) is longer (Kanai et al.,
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transient changes to the target facilitate a dominance switch.
Evidence from a motion study indicate that a dynamic surround
inﬂuences the apparent contrast of a center stimulus (Takeuchi &
De Valois, 2000), and reduces the apparent contrast of the center
stimulus. This dynamic surround-induced reduction in the appar-
ent contrast may inﬂuence perceptual alternations during binocu-
lar rivalry, in which contrast reduction of rival targets to both eyes
causes less frequent perceptual alternations (Liu, Tyler, & Schor,
1992). Thus, dynamic information in the retinal image may sup-
press binocular rivalry in daily life. However, how these surround-
ing dynamic stimuli inﬂuence perceptual alternations during
binocular rivalry is unclear. Here, we investigated the effects
dynamic surround has on binocular rivalry, and found that it pro-
longed perceptual dominance.Fig. 1. Schematic ﬁgure depicting trial sequences for binocular-ﬂicker (a) and
interocular-ﬂicker (b) conditions. Observers tracked their perceptual state by
indicating which grating they saw (CW or CCW) during a 60 s trial. A rival target
and a ﬁxation point were presented to each eye at the beginning of the trial (bottom
row). Dynamic surrounds were presented after subjects pressed a button. (a)
Binocular-ﬂicker condition. A different random-pixel-array patterned annulus was
binocularly presented every 50 ms. (b) Interocular-ﬂicker condition. The annulus
was alternately presented to each eye every 50 ms. During each trial, subjects were
asked to hold down the button corresponding to their percept until the next shift in
perception.2. Experiment 1: prolonged perceptual dominance induced by a
dynamic surround
We investigated whether retinal-image refresh caused by a
dynamic surround prolongs perceptual dominance and reduces
perceptual alternations.
2.1. Methods
2.1.1. Observers and apparatus
Eight subjects (seven females and one male) including one of
the authors (S.T.) participated in the present experiment. Aside
from the author, other subjects did not know the purpose of the
experiment. All had normal or corrected-to-normal visual acuity
and normal stereopsis.
All visual stimuli were generated on a Macintosh computer run-
ning Matlab PsychToolbox (Brainard, 1997; Pelli, 1997), and were
presented on a gamma-corrected CRT display (Mitsubishi RDF
221S, 21-in., 120-Hz refresh rate). The observers viewed the stim-
uli through a mirror stereoscope at a viewing distance of 57 cm,
and a chin rest was used to minimize their head movements. All
experiments were performed in a dark chamber. The same exper-
imental setup was used for all experiments.
2.1.2. Stimuli
We presented rival targets with dynamic surrounding stimuli
(see Fig. 1). The rival target consisted of orthogonal sine-wave grat-
ings (spatial frequency, 3.0 cycles/) with a luminance contrast of
99.9% (Michelson). The left eye grating was oriented 45 clockwise
(the CW grating), and the right eye grating was oriented 45 coun-
terclockwise (the CCW grating) from vertical. The size of the target
was 1.03 in diameter.
As a surrounding stimulus, an annulus-shaped random pixel
array (width, 0.51) was presented in the surround of the rival
target. Half the dots were black (luminance, 0.01 cd/m2), and
half were white (28.03 cd/m2). The size of each dot was
0.073  0.073. Twenty different random pixel-array patterned
annuli were generated before each experimental trial. There was
a 0.073 spatial gap between the rival target and the annulus.
The mean luminance of the gratings and the background was
13.86 cd/m2.
To assist binocular alignment, a ﬁxation point and a circle were
presented at the center and surround of each eye’s stimulus,
respectively.
2.1.3. Experimental conditions and procedures
We presented the rival targets and the surrounds, and mea-
sured the dominance durations for each eye’s target during a 60 s
trial.There were four experimental conditions deﬁned by the type of
surround. Two conditions used a dynamic surround. In the binoc-
ular-ﬂicker condition, identical annuli were simultaneously
presented to both eyes, and were both replaced with another
annulus every 50 ms. In the interocular-ﬂicker condition, an
annulus was alternately presented to each eye every 50 ms. The
remaining two conditions included the binocular-static condition
in which identical annuli were presented continuously to both eyes
(i.e., the annulus was not dynamic) and the no-surround condition
in which the annulus was not presented (i.e., only the rival target
was presented).
Fig. 1 shows a schematic representation of a trial sequence. A
beep was given at the beginning of each trial, followed by presen-
tation of the rival target and ﬁxation to both eyes (Fig. 1, bottom
row). Observers were instructed to keep their gaze ﬁxed and press
a button to continue the trial. Presentation of the annulus began
with the button press. The observers were instructed to track their
perceptual state during a 60 s trial by pressing different buttons to
indicate which grating (CW or CCW) was exclusively dominant.
Using this procedure, we measured the dominance durations of
each eye’s target. A beep was given at the end of the trial, and a
homogeneous gray display was presented to both eyes during an
inter-trial interval lasting at least 30 s. Proceeding to the next trial
was self-paced. Because there were numerous variations in the
mixed percept, we did not measure their dominance durations.
Each experimental condition (binocular-ﬂicker, interocular-
ﬂicker, binocular-static, and no surround) consisted of four trials,
and the order was randomly chosen. The observers were encour-
aged to take a rest whenever they wished.
We calculated the mean dominance durations for each condi-
tion, and compared them with a one-way repeated-measures anal-
ysis of variance (ANOVA) followed by post hoc analysis using the
Holm–Bonferroni method.
2.2. Results and discussion
In this experiment, we investigated whether dynamic stimula-
tion surrounding a target inﬂuenced perceptual alternations
typical of binocular rivalry. Fig. 2 shows the mean dominance
durations for each condition. A one-way repeated-measures
Fig. 2. Effects of different surrounding stimuli. Dominance durations were longer
when the surround was dynamic than when it was static or absent. Inﬂuence of the
dynamic surround was stronger in the interocular-ﬂicker condition than in the
binocular-ﬂicker condition. Vertical bars indicate 1 SEM (n = 8).
Fig. 3. Effects of the refresh frequency of the dynamic surround. In the binocular-
ﬂicker condition, the dynamic surround was refreshed every 50 ms (fast), 300 ms
(medium), or 600 ms (slow). Dominance durations were longer when the refresh
rate of the dynamic surround was high. Vertical bars indicate 1 SEM (n = 8).
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conditions (F3,21 = 25.86, p < .001). Although there was no differ-
ence between the binocular-static condition and the no-surround
condition, differences were found among all other conditions
(p < .05). Dominance durations in the binocular-ﬂicker and interoc-
ular-ﬂicker conditions were longer than in either the binocular-
static or no-surround conditions. This suggests that dynamic stim-
ulation prolongs dominance duration and reduces the number of
perceptual alternations. Additionally, prolonged dominance was
greater when the dynamic surround was presented alternately
(interocular-ﬂicker condition) than when it was presented to both
eyes simultaneously (binocular-ﬂicker condition). Prolonged dom-
inance durations did not simply depend on whether a surround
was presented or not because there was no difference between
the binocular-static and no-surround conditions.
3. Experiment 2: effect of the dynamic surround refresh
frequency
Experiment 1 showed that the dynamic surround prolonged
dominance durations and slowed perceptual alternations. How-
ever, because the surround stimulus was replaced every 50 ms,
the dynamic surround induced retinal-image refresh was far more
frequent than what occurs in normal eye movements. In Experi-
ment 2, we investigated whether the dynamic surround refresh
frequency inﬂuenced the perceptual alternations during binocular
rivalry.
3.1. Methods
3.1.1. Observers
Eight subjects (seven females and one male) including one of
the authors (S.T.) participated in the present experiment. The
author (S.T.) had participated in Experiment 1 and the others had
not.
3.1.2. Stimuli and procedures
The stimuli and procedures were the same as Experiment 1,
with the addition of three temporal surround-refresh frequencies
in the binocular-ﬂicker condition. The surrounding stimulus was
replaced with another stimulus every 50 ms (fast), 300 ms (med-
ium), or 600 ms (slow). The medium binocular-ﬂicker condition
represents the natural refresh rate of normal eye movements.The interocular-ﬂicker and binocular-static conditions were the
same as in Experiment 1, but the no-surround condition was not
included.
3.2. Results and discussion
In this experiment, we investigated whether the dynamic sur-
round refresh frequency inﬂuenced perceptual alternations. Fig. 3
shows the mean dominance durations for each condition. Although
dominance durations in all conditions were longer than those
found in Experiment 1, this can be attributed to the participation
of different observers. A one-way repeated-measures ANOVA
showed a signiﬁcant difference among the experimental condi-
tions (F4,28 = 7.55, p < .001). Dominance durations were longer in
the fast binocular-ﬂicker condition than in the binocular-static
condition (p < .05). Although the medium and slow binocular-ﬂick-
er conditions were not signiﬁcantly different from the binocular-
static condition, the higher frequency refresh rate tended to cause
longer dominance durations. In addition, dominance durations
were longer in the interocular-ﬂicker condition than in the med-
ium and slow binocular-ﬂicker conditions or the binocular-static
condition (interocular-ﬂicker condition vs. medium and slow bin-
ocular-ﬂicker conditions, p < .05; interocular-ﬂicker condition vs.
binocular-static condition, p < .05). These results indicate that the
effect of the dynamic surround was more powerful when its re-
fresh rate was higher. Further, because the 50 ms refresh rate
was much higher than what occurs during natural eye movements,
we can say that this strong effect does not naturally occur.
4. Experiment 3: effects of the dynamic surround on the
apparent contrast
The rate of perceptual alternations is inﬂuenced by the contrast
of the rival targets (Bossink, Stalmeier, & De Weert, 1993; Levelt,
1965). Indeed, slow perceptual alternations are perceived when
the contrast of rival targets to both eyes is low (Liu, Tyler, & Schor,
1992). It is also known that a dynamic surround inﬂuences the
apparent contrast of a center stimulus (Takeuchi & De Valois,
2000). Thus, the slow perceptual alternations in Experiments 1
and 2 might have been caused by contrast reduction induced by
the dynamic surround. In Experiment 3, we investigated the inﬂu-
ence of the dynamic surround on the apparent contrast using a
contrast-matching paradigm.
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4.1.1. Observers
Eleven subjects (seven females and four males) including one of
the authors (S.T.) participated in the present experiment. Five of
them had participated in at least one the previous experiments.4.1.2. Stimuli and procedures
The stimuli to be matched were presented side-by-side to the
right eye, and separated horizontally by 3.67. The standard stim-
ulus was presented to the left side, and the test stimulus was pre-
sented to the right side. Stimuli consisted of vertical sine-wave
gratings (spatial frequency, 3.0 cycles/), that were 1.03 in diame-
ter. The standard stimulus luminance contrast was 50%. Experi-
mental conditions were similar to Experiment 1. The surrounding
stimulus was presented to the surround of the standard stimulus,
but not to the surround of the test stimulus in the binocular-ﬂicker,
interocular-ﬂicker, or binocular-static conditions. The parameters
of the surrounding stimulus were the same as in Experiment 1.
Both the stimuli and the background had a mean luminance of
13.86 cd/m2.
A beep was given at the beginning of a trial, and ﬁxation points
were presented to both eyes. Observers were instructed to press a
button to continue the trial. The standard, test, and surround stim-
uli (except for the no-surround condition) were presented when
the button was pressed. Observers freely viewed the stimuli and
used the method of adjustment to match the apparent contrast
of the test stimulus to that of the standard stimulus. The initial
contrast of the test stimulus was randomized in the 30%–70%
range. The test-stimulus contrast was adjusted in 1% steps by
pressing different buttons. The trial ended when the test-stimulus
contrast matched that of the standard stimulus, and subsequently,
a beep was given and a homogeneous gray display was presented
for 3 s. Proceeding to the next trial was self-paced. Each
experimental condition consisted of six trials, and the order was
randomly chosen.4.2. Results and discussion
In this experiment, we examined whether the dynamic
surround inﬂuenced the apparent contrast. Fig. 4 shows the mean
values of the matching contrast in each condition. A one-wayFig. 4. Effects of the dynamic surround on the apparent contrast. Matching
contrasts to the standard stimulus (contrast: 50%) in the binocular-ﬂicker and
interocular-ﬂicker conditions were slightly lower than those in the no-surround
condition were. Vertical bars indicate 1 SEM (n = 11).repeated-measures ANOVA did not reveal any signiﬁcant differ-
ences in the mean values of the matching contrast among the
experimental conditions (F3,30 = 2.33, p = .09). However, the appar-
ent contrasts in the binocular-ﬂicker and interocular-ﬂicker condi-
tions were slightly lower than that in the no-surround condition.
This indicates that the dynamic surround might have slightly
reduced the apparent contrast of the rival target in Experiments
1 and 2. Although the dynamic surround induced reduction in
apparent contrast might have caused the prolonged dominance
durations observed in the previous experiments, its small size
makes a large inﬂuence on dominance durations unlikely.5. Experiment 4: effects of presenting a single ﬂash
The ﬁrst two experiments showed that dynamic stimulation in
the surround of the rivalry target acted to maintain the current
percept, and reduced the number of alternations in perception. In
Experiment 4, we examined whether a single ﬂash to the surround
of the rival target had a similar effect on perceptual dominance as
the dynamic continuous ﬂicker had. A single ﬂash may enhance
visibility and trigger dominance shifts if presented to the
suppressed eye, and inhibit them if presented to the dominant eye.
5.1. Methods
5.1.1. Observers and stimuli
Nine subjects (eight females and one male) including one of the
authors (S.T.) participated in the experiment. Six had participated
in at least one the previous experiments.
The stimuli were the same as in the previous experiments.
5.1.2. Procedures
A beep was given at the beginning of a trial, followed by presen-
tation of the rival target and ﬁxation. Observers were instructed to
keep their gaze on the ﬁxation and press a button to continue the
trial, and indicated their perceptual state by pressing different
buttons to indicate which grating (CW or CCW) was exclusively
dominant. The annuli (a single ﬂash) were presented for 50 ms to
the surround of the rival target immediately after observers
reported a change in perceptual state (CW or CCW grating). The
single ﬂash was presented to the dominant eye, the suppressed
eye, or both eyes. The single ﬂash was not presented in the no-
surround condition. Observers released the button when the rival
target was not visible. Using this method, we measured the domi-
nance duration for the current perceptual state. A homogeneous
gray display was presented for 3 s after button release, and then
the next trial began. Each experimental condition consisted of 20
trials, and the order was randomly chosen. We measured the dom-
inance duration for the CW grating in half of the trials, and that of
the CCW grating in the other half. The observers were not told
which dominances (CW or CCW) were measured. We only mea-
sured the dominance duration for one grating type per trial (CW
or CCW).
5.2. Results and discussion
In this experiment, we examined how a single ﬂash inﬂuenced
the alternating perceptions in binocular rivalry. Fig. 5 shows the
mean dominance durations for each experimental condition. A
one-way repeated-measures ANOVA showed a signiﬁcant differ-
ence among the experimental conditions (F3,24 = 10.57, p < .001).
The dominance durations of the suppressed-eye condition were
shorter than those of other conditions (suppressed eye vs. other
conditions, p < .05). Furthermore, the dominance durations in the
binocular condition were shorter than those in the dominant-eye
Fig. 5. Inﬂuences of a single annulus ﬂash. Dominance durations were shorter in
the suppressed-eye condition than in the dominant or binocular conditions.
Dominance durations in the binocular condition were shorter than in the
dominant-eye condition, but not shorter than in the no-surround condition. No
other statistical differences were found. Vertical bars indicate 1 SEM (n = 9).
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other signiﬁcant differences. The short dominance durations ob-
served in the suppressed-eye condition indicates that a single ﬂash
to the suppressed eye triggered a switch in dominance. In contrast,
while the dominance durations in the dominant-eye condition
were not longer than those in the baseline no-surround condition,
they were longer than those in the suppressed-eye and binocular
conditions. The single ﬂash to the both eyes tended to shorten
dominance durations, although not signiﬁcantly (binocular vs. no
surround).
If a single ﬂash enhances the visibility of targets for the eye to
which it is presented, and if this effect is equal regardless of which
eye is dominant, then a ﬂash to both eyes might cancel out the
effect. Kanai et al. (2005) reported that a single ﬂash to the rival
targets of both eyes induced perceptual alternations, and was more
effective when the elapsed time of the dominant percept was long-
er. Here, the effect of induced perceptual alternations was unclear
for the binocular condition in Experiment 4. This may have been
due to short adaptation durations that resulted from presenting
the single ﬂash immediately after observers reported a change in
perceptual state. Thus, while the effect of the single ﬂash was clear
in the suppressed condition, it was unclear in the dominant condi-
tion. These results might indicate that a single ﬂash has a greater
effect on the suppressed eye than on the dominant eye even if
adaptation durations are short. The perceptual alternations ob-
served in previous reports and those found here when a single ﬂash
was presented binocularly may result from differential inﬂuence of
the single ﬂash on the suppressed and dominant eyes.6. General discussion
This study examined the inﬂuences of dynamic surround on the
perceptual alternations that occur during binocular rivalry. Percep-
tual stability was stronger when dynamic stimulation was pre-
sented to the surround of the rival target. The strength of this
effect was greater when the surround was alternately presented
to each eye than when it was presented to both eyes simulta-
neously. Faster refresh of the dynamic surround induced longer
perceptual dominance (Experiment 2), and dynamic surround
slightly reduced the apparent contrast of the center stimulus
(Experiment 3). While the effects of a single ﬂash to the surround
of the dominant eye or to both eyes were unclear, a ﬂash to the
suppressed eye triggered an earlier shift in dominance (Experiment4). These results indicate that the inﬂuence of surrounding stimuli
differ depending on how they are presented. Continuous presenta-
tion prolongs the current percept, whereas a single ﬂash does not
do so either when presented to the suppressed eye or to both eyes.
Therefore, our main ﬁnding is that introduction of dynamic
surround during binocular rivalry increases the duration of the
current percept, and acts to stabilize the current perceptual state.
Why dynamic surround prolongs perceptual dominance
remains an open question. We speculate that dynamic surround
reduces the visibility (stimulus strength) of suppressed rival
targets. Stimuli in our experiments such as those in the binocu-
lar-ﬂicker and interocular-ﬂicker conditions were similar to the
conditions found in motion-induced blindness (Bonneh, Cooper-
man, & Sagi, 2001), although simultaneous perceptual suppression
of binocular stimuli were not reported. In motion-induced blind-
ness, a salient visual stimulus is perceptually suppressed by the
moving surround. The underlying mechanisms of motion-induced
blindness may contribute to the slow perceptual alternations in-
duced by a dynamic surround. Experiment 3 revealed that the
apparent contrast was slightly reduced by the dynamic surround
when the target was visible, but the effect of the dynamic surround
on the invisible target was unclear. The suppressive effect of mo-
tion-induced blindness might add to rivalry suppression, strongly
suppressing perception of the target in the non-dominant eye
(making it invisible), and prolonging perceptual dominance.
Paffen, Alais, and Verstraten (2006) reported that perceptual
alternations were slow when attention was diverted from the
rival target. They presented moving dots surrounding the rival
target, and attention to the rival target was diverted by demand-
ing discrimination of the direction of motion. They found that per-
ceptual alternations were slowed when attention was diverted by
the moving (dynamic) surround. More importantly, slow percep-
tual alternations were only observed when they performed an
accompanying task demanded focusing on the dynamic surround.
These results indicate that diverting attention from a rival target
leads to slow perceptual alternations. One might think that the
slow perceptual alternations in our experiments were also caused
by diverting attention to the dynamic surround. In fact, it has
been reported that the spatial distribution of attention slowed
down perceptual alternations (Paffen & Alais, 2011; Paffen &
Hooge, 2011). We agree that diverted attention from the rival tar-
get contributes to the slow perceptual alternations. However, be-
cause we did not demand a task focusing on the dynamic
surround, the inﬂuence of diverted attention on the slow alterna-
tions was small. Moreover, the faster refresh of the dynamic sur-
round induced longer perceptual dominance (Experiment 2),
indicating that the temporal frequency of the dynamic surround
plays an important role in the slow perceptual alternations. Even
in this case, the faster refresh might have attracted more atten-
tion. Therefore, we conﬁrm that a dynamic surround itself
prolongs perceptual dominance, and diverting attention to it
may only have a supplemental effect.
Local adaptation is thought to be involved in the underlying
mechanism of binocular rivalry (Blake, 1989). Experiments have
shown that a moving rival target slows down perceptual alterna-
tions because the adaptation process to the rival targets is
disturbed by stimulus motion, and this does not occur if the
moving rival target is tracked by eye movements (Blake, Sobel, &
Gilroy, 2003). This adaptation process cannot explain the
suppressed rivalry observed here because the rival target and the
dynamic surround were not moving. Rather, refreshing of the
retinal image induced by dynamic information (or motion informa-
tion) that is included in the surrounding stimulus likely plays an
important role in suppressing binocular rivalry. A naturally high
refresh frequency may thus also explain why perceptual alterna-
tions are not perceived in daily life.
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